ABSTRACT DAVIS, J. B. (Socony Mobil Oil Co., Inc., Dallas, Tex.). Microbial incorporation of fatty acids derived from n-alkanes into glycerides and waxes. Appl. Microbiol. 12:210-214. 1964.-When n-alkanes with 13 to 20 carbon atoms were fed to a Nocardia closely related to N. salmonicolor, the produced cellular triglycerides and aliphatic waxes invariably contained fatty acids with an even or an odd number of carbon atoms subject to this feature of the n-alkane substrate. Beta-oxidation and C2 addition are both operative, as evidenced by the spectra of fatty acids incorporated into the cellular lipid components. There is no distinction in the rate of microbial incorporation of the oddor even-numbered carbon chains. The fatty acids are apparently directly derived from the long chain n-alkanes, rather than synthesized via the classic C2-condensation route. The alcohol component of waxes produced by the Nocardia is invariably of the same chain length as the n-alkane substrate.
It was previously reported (Raymond and Davis, 1960) that rapid utilization of n-hexadecane or n-octadecane by a Nocardia resulted in cellular lipid as high as 70 % of the cell weight. The extracted lipid consisted of 60 % triglycerides and 40 % aliphatic waxes. The waxes were identified and described, but the fatty acid composition of the glycerides was not clarified.
Fatty acids produced biologically from n-alkanes are of interest from the standpoint of the amounts synthesized, and also because of the geochemical aspects of fatty acids in nature.
This paper describes the cellular lipid composition of nocardial cells grown on C13 to C20 n-alkanes. The fatty acid components of the intracellular glycerides and waxes were identified by means of gas-phase chromatography and mass spectrometry.
MATERIALS AND METHODS
Organism. The Nocardia species employed in this study was originally isolated from soil by ethane enrichment culture. It is closely related to N. salmonicolor and was described earlier (Davis and Raymond, 1961) .
Culture methods. The Nocardia cells were grown for 72 hr at 30 C on the respective n-alkanes in fermentors New Brunswick Scientific Co., New Brunswick, N.J.) . An impeller rate of 750 rev/min assured effective homogenization of the hydrocarbon substrates.
Air flow to each fermentor was 500 ml/min. The aqueous culture medium (3 liters) consisted of urea, 0.1 %; KH2PO4, 0.2 %; Na2HPO4,0.3 %; and MgSO4 * 7H20,0.08 %. n-Alkanes were added in concentrations of about 0.5 to 0.8 % (see Results). Normal pentadecane (C15) was not included in this study. The n-alkanes used were obtained from Wilkinson-Humphrey, Inc., North Haven, Conn., with the exception of C17 and C19 which were supplied by R. 
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tures were washed with n-hexane to remove residual nalkane substrate, acidified with HCl, and extracted with n-hexane to recover the fatty acids. These were esterified by the boron trifluoride method of Metcalfe and Schmitz (1961) and analyzed with a model 300-B linear programmed temperature gas chromatograph (F & M Scientific Corp., Avondale, Pa.) using a silicone gum-rubber column. Glycerol in the acetone-soluble fractions was determined by the method of Neish (1952) . RESULTS Cell yields and lipid produced. Maximal weight conversion of the liquid C16 and C18 n-alkanes into Nocardia cells is usually about 75 %. The substrates employed were not completely consumed in the incubation time of 72 hr, except in the cases of n-tridecane and n-tetradecane; residual substrate was not quantitatively determined. Table 1 shows the amount of n-alkane added, the cell yield, and the lipid produced.
Glyceride fatty acids. The acetone-soluble fractions of the lipid samples contained essentially triglycerides based on a glycerol content ranging from 10 to 14 %. The fatty acids of the glycerides gave a very interesting pattern, obviously related to the n-alkane substrate. Gas chromatographic analyses of methyl esters of the fatty acids showed that utilization of n-alkanes with an odd number of carbon atoms consistently resulted in fatty acids with an odd number of carbons; analogous results were obtained in the case of n-alkanes with an even number of carbons.
The dominant fatty acid in each glyceride fraction had the same number of carbons as the n-alkane substrate, with only one exception. timles, compared with those of known samples of fatty acid methyl esters were confirmed by analyzing known methyl esters mixed with the methyl esters of the nocardial synthesized fatty acids ( Fig. 5 and 6 ). Table 2 qualitatively summarizes the fatty acid composition of the triglyceride fraction of nocardial cells grown on n-alkanes. Aliphatic waxes. Only four fractions which precipitated from acetone definitely contained aliphatic waxes. These were derived from C16, C17, C18, and C1g n-alkanes. In the mass spectrometric analysis, the number of carbon atoms in the alcohol component of an aliphatic wax is indicated by the difference in carbon number between the wax and its fatty acid component, both of which yield excellent fractionation patterns and strong parent peak ions. On this basis, the composition of aliphatic waxes is determined. Table 3 summarizes the composition of waxes dentified. DISCUSSION These data indicate that fatty acids incorporated into the glyceride and wax components of nocardial cells are derived directly from the C13-C20 n-alkane substrates. The acids apparently are produced by a direct oxidative process, rather than via the ordinary biosynthetic C2-condensation route, and consist of an even or an odd number of carbon atoms subject to this feature of the n-alkane substrate. Long-chain n-alkanes are required for this process, since fatty acids in the glycerides of nocardial cells grown on propane are identical with those in the glycerides of n-butane grown cells; they consist principally of palmitic (C16) and stearic (C18) acids, with small amounts of myristic (C14) and arachidic (C20) acids (unpublished data).
There is no apparent obstacle to the enzymatic incorporation of odd-numbered carbon chain fatty acids into either glycerides or aliphatic waxes. In fact, there is no distinction in the rate of incorporation of odd-versus evennumbered carbon chains.
Both C2 addition and beta-oxidation are operative after terminal oxidation (Baptist and Coon, 1959; Stewart et 
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al., 1959) of the long-chain n-alkanes. The fatty acids produced from n-nonadecane, for example, include C21, C17, C15, and C13 in addition to the directly derived C1g fatty acid. It is obvious that C2 incremental units are added or removed from the directly derived fatty acids, following the classical biochemical scheme of fatty acid metabolism. However, Stevenson, Finnerty, and Kallio (1962) reported the anomalous production of a palmitic acid component in a wax produced by a n-heptadecane grown micrococcus, indicating either biosynthesis via C2 condensation or, less likely, one-carbon oxidative cleavage. The alcohol component of waxes produced by the Nocardia is invariably of the same chain length as the nalkane substrate. This supports the theory that an alcohol is an early intermediate in the oxidation of long-chain n-alkanes (Stewart et al., 1959; Raymond and Davis, 1960 Stevenson et al., 1962) . Subsequent oxidation yields fatty acids which, through divertive metabolism, esterify with excess alcohol precursor to form waxes and with a readily available biosynthetic supply of glycerol to form glycerides.
Waxes and glycerides in the Nocardia cells decrease upon prolonged incubation in the presence of available nitrogen, as might be anticipated. Both of these lipid components supplied externally to Nocardia in a mineral salts medium are utilized readily for growth.
Recently, the role of fatty acids as precursors of the long chain n-alkane constituents of petroleum was investigated by Cooper and Bray (1963) . In recent marine sediments, n-alkanes with an odd number of carbon atoms predominate, whereas fatty acids have an even number of carbon atoms. This follows the pattern in plants and animals. However, in ancient sediments, in subsurface waters associated with petroleum, and in petroleums, there is no preference with respect to odd-or even-numbered carbon chains in n-alkanes or fatty acids.
It is not known whether or under what conditions fatty acids serve as natural precursors of n-alkanes (except methane), although chemical mechanisms have been postulated (Cooper and Bray, 1963) . But n-alkanes obviously can serve as precursors of fatty acids in the microbial cell. This fact may relate to environments in which biological activity is restricted (at least) to microbial activity, such as in ancient sediments and petroleum reservoirs. Here a mixture of n-alkanes of various chain length possibly could be converted microbially to the observed analogous mixture of fatty acids.
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